Abstract: Stop-flow lithography (SFL) is a microfluidic-based particle synthesis method, in which photolithography with a two dimensional (2D) photomask is performed in situ within a microfluidic environment to fabricate multifunctional microstructures. Here, we modified the SFL technique by utilizing an adjustable electrostatic-force-modulated 3D (EFM-3D) mask to continuously fabricate microlens structures for high-throughput production. The adjustable EFM-3D mask contains a layer filled with a UV-absorbing liquid and transparent elastomer structures in the shape of microlenses between two conductive glass substrates. An acrylate oligomer stream is photopolymerized via the microscope projection photolithography, where the EFM-3D mask was set at the field-stop plane of the microscope, thus forming the microlens structures. The produced microlens structures flow downstream without adhesion to the polydimethysiloxane (PDMS) microchannel surfaces due to the existence of an oxygen-aided inhibition layer. Microlens structures with variations in curvature and aperture can be produced by changing objective magnifications, controlling the morphology of the EFM-3D mask through electrostatic force, and varying the concentration of UV-light absorption dyes. We have successfully demonstrated to produce microlens structures with an aperture ranging from 50 μm to 2 mm and the smallest focus spot size of 0.59 μm. Our proposed method allows one to fabricate microlens structures in a fast, simple and high-throughput mode for application in micro-optical systems.
Introduction
Stop-flow lithography (SFL) technique [1] , which was first proposed by Professor Doyle's group, has been intensively used in the fabrication of various complex or multifunctional microstructures with applications that range from mechanical to biomedical engineering, such as synthesis of colloidal, glass, and silicon microcomponents [2, 3] , nonspherical superparamagnetic particles [4, 5] , cell-laden microgel particles [6, 7] , and multifunctional encoded particles for biomolecule analysis [8, 9] . This technique combines the advantages of microscope projection photolithography and microfluidics to continuously form morphologically complex particles. Briefly, the continuous flow of the hydrogel precursor within a microfluidic channel is stopped before performing in situ photolithography, where the hydrogel precursor was exposed at regular intervals to ultraviolet (UV) light patterned by a photomask to produce discrete particles. The produced particles can be repeatedly patterned and flow downstream without clogging due to the inhibition of free-radical polymerization near polydimethysiloxane (PDMS) surfaces of the microchannel. However, the binary mask, which was used in projection photolithography in this technique, imposed the restriction to fabricate the three dimensional (3D) microstructures with continuously changed surfaces, such as microlens structures. To this end, a digital micromirror device (DMD) [10] [11] [12] or a liquid crystal display (LCD) [13] has been used as a dynamic photomask to fabricate the microlens arrays or 3D microstructures through projection photopolymerization. However, the surface roughness of the microlens arrays is a considerable issue due to the limited resolution (4 μm image pixel size) of the DMD or LCD, which can significantly reduce the optical performance of the microlens arrays. Instead, our previous work [14] utilized an adjustable electrostatic-force-modulated 3D (EFM-3D) mask to successfully demonstrate the feasibility of fabricating microlens arrays in millimeter scale with surface roughness below 25 nm to provide a good optical property. However, our previous work directly combined the EFM-3D mask with the PDMS microchannel using a thin layer of glycerol between two components. Only millimeter-size microlens arrays were fabricated by using this techniques. To attempt to fabricate the micronmeter-size microlens arrays in our current work, we can set a microscope objective between the EFM-3D mask and the PDMS microchannels. The morphology of the EFM-3D mask is then projected into the PDMS microchannels through the microscope objective, which can reduce the size of the corresponding microlens due to the convergence of the UV light.
Here, we modified the SFL technique by utilizing an adjustable EFM-3D mask to continuously fabricate microlens structures ranging from 50 μm to 2 mm for high-throughput production. The EFM-3D mask consists of transparent microlens structures that are elastic in nature and filled with index-matching oil that contains UV-light-absorbing dyes for purposes of light attenuation. The elastic microlens structures can be dynamically adjustable through electrostatic force modulation. An acrylate oligomer stream is photopolymerized via the microscope projection photolithography, where the EFM-3D mask was set at the field-stop plane of the microscope. The pulsed UV light passes through the EFM-3D mask to polymerize the acrylate oligomer and generate the microlens structures in a PDMS microchannel. The corresponding microlens structures flow downstream without adhesion to the surface of the microchannel due to the existence of an oxygen-aided inhibition layer on the PDMS surface. The curvature and aperture of the microlens structures can be produced by changing objective magnifications, controlling the morphology of the EFM-3D mask through electrostatic force modulation, and varying the concentration of UV-light absorption dyes. Our proposed techniques provide a fast, simple and cost-effective method for continuous mass-production processes for application in micro-optical systems. Figure 1 schematically illustrates the design concept of stop-flow lithography to fabricate microlens arrays utilizing an adjustable EFM-3D mask for high-throughput production in microchannels. The system consists of two main components: an inverted microscope to perform a projection photolithography and PDMS microfluidic devices. The microscope projection photolithography is performed by setting the EFM-3D mask at the field-stop plane of the microscope as shown in Figure 1a . The EFM-3D mask is made from a transparent elastomer structure and filled with a UV-absorbing liquid that contains index-matching oil (hexadecane) mixed with UV-light absorbing dyes (Oil-Red-O) to provide light attenuation. The refractive index of Oil-Red-O dye in hexadecane (dye oil) is 1.432, which is close to the refractive index (1.407) of the transparent elastomer structure to avoid the refraction occurring within the EFM-3D mask. A shadow mask placed onto the EFM-3D mask defines the margin of the produced microlens structures. ITO glass, placed on the top and bottom of the structure, allows for the application of electrostatic forces needed to deform the elastomer structures in the vertical direction (Figure 1c ).
Experimental Section

Principle of Operation
An acrylate oligomer stream containing a photosensitive initiator is pumped into the rectangular PDMS microchannel. On stopping the flow, UV light is pulsed through the EFM-3D mask, resulting in the gradient distribution profile of the light intensity, and then projected on the PDMS microchannel through the preset objective. This polymerizes the acrylate oligomer and generates the microlens structures in the PDMS microchannel. Rapid polymerization kinetics permits quick formation (<1 s) of the microlens structures. The microlens structures are then allowed to flow downstream without adhesion on the walls of the PDMS microchannel surfaces due to the existence of the oxygen-aided inhibition layer on the PDMS surfaces as shown in Figure 1b . The oxygen-aided inhibition layer arises from the diffusion of molecular oxygen through the PDMS surface that reacts with an initiator species to form chain-terminating peroxide radicals, creating an unpolymerized lubrication layer approximately 3 m thick on the PDMS surfaces [1, 15] to enable the microlens structures suspended within PDMS microchannel. The suspended microlens structures were collected in the reservoir of the microchannel, pipetted out using ethanol solution, and then collected in an Eppendorf tube. The Eppendorf tube was repeated to centrifuge to settle down the microlens structures, remove the supernatant (un-crosslinked liquid), and add new ethanol, so as to obtain a collection of the microlens structures suspended in the clean ethanol.
The intensity distribution of UV light after passing through the EFM-3D mask can be adjusted by changing the concentration of UV-light absorption dyes in the dye oil and/or the morphology of the elastomer structures within the EFM-3D mask through electrostatic force modulation. On application of a voltage across the EFM-3D mask, the induced electrostatic force causes the elastomer structures to vertically deform, morphing from an arc-shaped morphology into a parabolic or near conical shape ( Figure 1c ). When the voltage is removed, the elastomer structures return to the original arc-shaped morphology, thanks to the elastic nature of the material. Changing the intensity distribution modifies the morphology of the corresponding microlens structures. Therefore, the curvature and aperture of the microlens structures can be produced by changing objective magnifications, controlling the morphology of the EFM-3D mask through electrostatic force modulation, and varying the concentration of UV-light absorption dyes. The entire procedure of stopping the oligomer flow, adjusting the morphology of the EFM-3D mask by applying a voltage, exposing the EFM-3D mask to a pulsed UV light, and pumping the oligomer fluid to collect the microlens arrays is repeated to achieve the continuously high-throughput fabrication of the microlens with various curvatures in a single step process. The side-view shows the photopolymerized microlens structures, the intensity distribution after passing through the EFM-3D mask, and the unpolymerized oxygen-aided inhibition layer on the PDMS surfaces that allows the microlens structures to flow easily after being formed. (c) Schematic illustrating the intensity distribution of UV light after passing through the EFM-3D mask operated before and after applying voltages. 
Fabrication of Adjustable EFM-3D Mask and PDMS Microchannel
To fabricate the adjustable EFM-3D mask, Teflon AF (DuPont Inc., Wilmington, DE, USA) was first patterned onto the ITO glass substrate via a lift-off process, creating a pattern of hydrophobic and hydrophilic surfaces. The transparent liquid elastomer (DS-527, Dow Corning, Midland, MI, USA) was spun at 500 rpm for 15 s to form a corresponding microdroplet pattern on the modified ITO substrates. The DS-527 microdroplets were cured by heating at 65 °C for 30 min, resulting in an array of solid structures with elastic properties as shown in Figure 2a . An additional ITO glass was placed above the patterned ITO substrate with a 1 mm PDMS spacer. The structure was then filled with a UV-absorbing liquid that contains oil (hexadecane) mixed with UV-light absorbing dyes (Oil-Red-O) (Figure 2b ). The PDMS microchannel was fabricated using a standard soft lithography process. Briefly, an SU-8 mold (MicroChem, Westborough, MA, USA) was made on a silicon wafer using standard lithography techniques. The PDMS microchannel was cast from the SU-8 mold. An additional glass slide coated with a thin PDMS film was subsequently bonded onto the PDMS microchannel immediately after an oxygen plasma surface treatment. The PDMS microchannels have a rectangular shape with L = 4.5 cm in length, W = 1 cm in wide, and H = 300 μm in height. 
Materials
The acrylate oligomer was made using 5% (v/v) solutions of Darocur 1173 (D1173, Sigma Aldrich, St. Louis, MO, USA) initiator in 1,6-hexanediol diacrylate (HDDA, Sigma Aldrich). The viscosity and refractive index of the HDDA is 6 cP and 1.457 at 20 °C. Hexadecane (Fluka) with a dynamic viscosity of 8 cP, dielectric constant of 2.05, and refractive index of 1.432 was used as the index-matching oil. Oil-Red-O dye (Sigma Aldrich) mixed with hexadecane provided the UV-light absorption at λmax = 359 nm. Transparent DS-527 (Sylgard 527, Dow Corning), a silicone dielectric gel with a high dielectric constant of 2.95, was used as an elastomer structure within the EFM-3D mask. The refractive index of the DS-527 is 1.407, which is close to the refractive index (1.432) of the Oil-Red-O dye in hexadecane (dye oil). The four different concentrations (w/v) of Oil-Red-O in hexadecane used in this study were 0.005, 0.01, 0.015, and 0.03. PDMS (Sylgard 184, Dow Corning) was used to fabricate the PDMS microchannel. 
Experimental Setup of the Stop-Flow Lithography
The control to sequentially pump and stop the flow of the acrylate oligomer within the PDMS microchannel was set up according to the stop-flow lithography technique [1] as shown in Figure 1a . Briefly, a compressed-air source connected to a pressure regulator was used to drive oligomer flow inside the PDMS microchannel. Downstream of the regulator, a 3-way solenoid valve (Lee Inc., Princeton, NC, USA) controlled by a Labview program (National Instruments Inc., Austin, TX, USA) was used to switch rapidly between atmospheric pressure and the input pressure. After switching the 3-way solenoid valve to atmospheric pressure, the oligomer flow can be totally stopped in the PDMS microchannel within 0.14 s, which was measured by bead tracking experiments for the PDMS microchannels with L = 4.5 cm, W = 1 cm, H = 300 μm at input pressure of 3 psi. A collimated UV light equipped with a VS25 shutter system (Uniblitz Inc., Orlando, FL, USA) controlled by a VMM-T1 shutter driver provided specified pulses of the UV light. Figure 3a ,b illustrate the four-step process for producing the suspended 2 × 2 microlens array and single microlens in a PDMS microchannel via the EFM-3D mask filled with dye oils at a concentration of Cdye oil = 0.015 (w/v) and operated without applied voltages. The EFM-3D mask was set at the field-stop plane of the microscope equipped with a 4× objective. For production of a single microlens, only one elastomer structure with 2 mm in diameter and 0.341 mm in height was deposited within the EFM-3D mask; while for production of 2 × 2 microlens array, 2 × 2 elastomer structures with 0.7 mm in diameter were deposited. In the first step, an acrylate oligomer stream containing a photosensitive initiator was pumped into a PDMS microchannel, and the flow was then completely stopped by closing the 3-way solenoid valve. The shutter then pulses open for 30 ms and close in the second and third steps, while the flow remains stopped. The pulsed UV light that passes through the EFM-3D mask can polymerize the acrylate oligomer, and generate the corresponding single microlens or 2 × 2 microlens array in the PDMS microchannel. In the final step, the polymerized single microlens or 2 × 2 microlens array was flushed out of the channel by opening the 3-way solenoid valve. The single microlens or 2 × 2 microlens array is allowed to flow downstream within the unpolymerized oligomer without adhesion on microchannel surfaces, due to the existence of an oxygen-aided inhibition layer at the PDMS surface. The four-step process can be repeated to achieve the continuous fabrication of the microlens structures. A shadow mask placed onto the EFM-3D mask defines the shape and size of the substrate of the produced microlens structures. The suspended microlens structures with square and hexagonal substrates were flushed downstream and collected in the reservoir of the microchannel as shown in Figure 3c 
Results and Discussion
Photopolymerized Microlens Structures via EFM-3D Masks
Morphology Control of the Photopolymerized Microlens Structures
To characterize the morphology of the microlens structures produced by changing objective magnifications and varying the concentration of UV-light absorption dyes (Cdye oil) within EFM-3D mask, the rectangular PDMS microchannel was directly bonded on a glass slide that did not have a thin PDMS coating. After the pulsed UV light passed through the EFM-3D mask, the produced microlens structures adhered to the surface of the glass slide, and the residual liquid was removed using compressed air. The morphology and non-dimensional height (H/D) of the produced microlens structures could be easily observed and characterized. One elastomer structure with 2 mm in diameter and 0.341 mm in height within the EFM-3D mask was used for production of a single microlens adhered on the glass surface. Figure 4c shows the lateral profiles of the microlens structures produced in (b) at Cdye oil = 0.03 (w/v) by using 4× to 40× objectives, respectively. The lateral profiles and nondimensional sizes of the microlens structures were determined by using image processing process and mathematical curing fitting [14, 16] from the lateral images in Figure 4b The effect of the concentration of the dye oil (Cdye oil) on the distribution profile of the light intensity transmitted through the EFM-3D mask has been examined using optical simulation in our previous work [14] . Increasing the concentration (Cdye oil) of the dye oil changes the distribution profile of the light intensity from a flat shape to a parabolic shape, which is in turn to increase the height (H) of the produced microlens. (c) Figure 5 shows the nondimensional height (H/D) of the produced microlens structures with respect to the objective magnifications from 4× to 40× for the EFM-3D mask filled with dye oils at Cdye oil = 0.005 to 0.03 (w/v). For the EFM-3D mask filled with a fixed concentration (Cdye oil) of the dye oil, increasing the objective magnifications from 4× to 40× increased the H/D of the microlens structures. By using a fixed objective magnification, increasing the concentration (Cdye oil) of the dyes oil also increase the H/D of the microlens structures. Therefore, microlens structures with variations in curvature and aperture can be produced by changing objective magnifications and varying the concentration of UV-light absorption dyes within EFM-3D mask. 
Spot Size Measurements of the Produced Microlens Structures
An optical system shown in Figure 6a was set up to carry out spot size measurements. A 532 nm laser diode with a power of 15 mW was used as the light source. In this system, a N.A. of the 0.1 (4×) microscope objective was used as a spatial filter and to ensure that the measurement would not introduce unwanted aberrations. Next, a pinhole (40 μm) was used to filter out redundant high-frequency noise. The light was directed to the testing microlens structure produced by EFM-3D mask. The CCD (WAT-221 S, Watec Inc., Orangeburg, NY, USA) equipped with a 100× magnification long-working distance lens was used to observe the spot size of laser beam. Image processing software was used to calculate the pixels of the optical energy distribution and to analyze the full width at half maximum (FWHM) of the spot size. Figure 6b ,c show the image and the intensity distribution of the focus spot for the testing microlens structure produced by using 4× objectives and the EFM-3D mask filled with dye oil at Cdye oil = 0.03 (w/v). The focus spot size (FWHM) of the produced microlens structure is 0.72 μm. Figure 6d shows the images of a black ink dots which was observed by directly focusing the CCD on the paper (left) or through the produced microlens structure (right). (d) Figure 7 shows the focus spot size of the produced microlens structures with respect to the objective magnifications from 4× to 40× for the EFM-3D mask filled with dye oil at Cdye oil = 0.015, 0.02, and 0.03 (w/v) and operated without applied voltages, respectively. For the EFM-3D mask filled with a fixed concentration (Cdye oil) of the dye oil, increasing the objective magnifications from 4× to 40× results in the decrease of the focus spot size of the microlens structures, which is contrary to the trend in the H/D of the microlens structures as show in Figure 5 . The increase of the H/D of the microlens structure enables to decrease the focus spot sizes by changing the morphology of the microlens structure. The smallest focus spot size is 0.588 μm for the microlens structure produced by using 20× objective and the EFM-3D mask filled with the dye oil at Cdye oil = 0.03 (w/v). For using 40× objective, we found that the focus point was located inside the microlens structure, which was not suitable for the microlens application. Besides, when the concentration of dye oil (Cdye oil) is higher than 0.03 (w/v), most of the light intensity is absorbed prior to passing through the EFM-3D mask, which results in the failure of microlens formation. Figure 7 . The focus spot size of the produced microlens structures with respect to the objective magnifications from 4× to 40× for the EFM-3D mask filled with the dye oil at Cdye oil = 0.015, 0.02, and 0.03 (w/v) and operated without applied voltages, respectively.
Adjust the EFM-3D Mask through Electrostatic Force to Produce Microlens Structures
Our previous work [14] have demonstrated the ability to dynamically adjust the EFM-3D mask through electrostatic force modulation. On application of a voltage across the EFM-3D mask, the induced electrostatic force causes the elastomer structures within the EFM-3D mask to change the morphology of the elastomer structures. When the voltage is removed, the elastomer structures return to the original arc-shaped morphology as shown in Figure 1 . Here, we set the EFM-3D mask at the field-stop plane of the microscope, adjust the EFM-3D mask, and perform the SFL technique to produce the microlens structures. Figure 8a shows images of the photopolymerized microlens produced by utilizing 10× objective for the EFM-3D mask filled with the dye oil at Cdye oil = 0.01 (w/v) and operated at 0 V, 800 V, and 1800 V, respectively. Changing the morphology of the elastomer structures within EFM-3D mask by controlling the applied voltages enables the dynamic adjustment of the intensity distribution that passes through the EFM-3D mask. This, in turn, changes the morphology of the corresponding microlens structures. Figure 8b shows the focus spot size of the produced microlens structures with respect to the objective magnifications from 4× to 40× for the EFM-3D mask filled at Cdye oil = 0.01 (w/v) and operated at 0 V, 800 V, and 1800 V, respectively. The results indicate that regardless of the voltage applied across the EFM-3D mask, increasing the objective magnifications from 4× to 40× results in the decrease of the focus spot size of the microlens structures. Increasing the applied voltages, while keeping the objective magnifications constant, also result in the decrease of the focus spot size of the produced microlens structures. Therefore, although the SFL system was equipped with a preset microscope objective and utilized the EFM-3D mask filled with a constant concentration of the dye oil, the morphology and optical properties of the photopolymerized microlens can be further modified by controlling the applied voltages for the EFM-3D mask. 
Conclusions
In this work, we modified the SFL technique by utilizing an adjustable EFM-3D mask, where the EFM-3D mask was set at the field-stop plane of the microscope, to continuously fabricate microlens structures for high-throughput production. Microlens structures with variations in curvature and aperture can be produced by changing objective magnifications, controlling the morphology of the EFM-3D mask: 800 V EFM-3D mask: 1800 V EFM-3D mask through electrostatic force modulation, and varying the concentration of UV-light absorption dyes. Furthermore, because the microlens arrays are allowed to flow downstream without problematic adhesion to the sidewalls, the fabrication method can be adapted for continuously high-throughput production. Although we demonstrated the ability to fabricate convex microlens structures in this study, our proposed method might be also capable to fabricate concave microlens structures by using the EFM-3D mask which is opposite to our current design. This EFM-3D mask contains a UV-absorbing elastomer structure doped with UV-light absorbing dyes to provide light attenuation and filled with a transparent index-matching oil. We believe that the modified STL utilizing adjustable EFM-3D masks allows one to fabricate microlens arrays in a fast, simple and highthroughput mode, which is conducive for massive production for application in micro-optical systems.
